Despite significant advances in electronic control technology applied to diesel engines, commercially available injection sys tems for automotive diesel engines remain limited by the open loop mapplng of the injection pump. An initial calibration is relied upon to translate a fuel delivery command to an actual fuel quantity. In practice, however, these two variables may be sub stantially different due to the effects of mechanical wear, repair, and the wide range of operating conditions. Possible ramifications of this discrepancy are excessive exhaust smoke due to overfuel ing, increased fuel consumption, degraded driveability, and poor idle characteristics. The major obstacle to closing the fuel control loop is the lack of a suitable sensor for instantaneous fuel delivery from the injector.
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Possibly more important is the problem that the injection system often operates under conditions much different than those that existed during the master calibration tests. The calibration also changes over the course of time due to nonnal wear and cor rosion of pump and injector internal components, and the accumu lation of carbon deposits in the injector nozzle (nozzle coking).
In actual service, the delivered fuel quantity may differ sub stantially from the mapped quantity. Possible effects of this discrepancy are excessive exhaust smoke due to overfueling, inac curate torque limiting, increased fuel consumption, degraded drivcability, and unstable or noisy idle characteristics.
If the actual fuel delivery per injection were directly sensible, closed-loop control of the fuel quantity would be possible as a means for improving the fuel control accuracy without the need for further mechanical refi nements and tighter tolerances in the pump.
The major obstacle to closing the fuel control loop appears to be the lack of a suitable sensor for fuel quantity.
Real-time monitoring of the actual fuel delivery per indivi dual injection stroke is difficult. A number of factors can be cited in relation to this technical obstacle. For a typical small displace ment (i.e., under two liter) diesel engine, the fuel delivery volume is very small (in the range of from 5 to 50 mm3 per stroke), and the duration very brief (on the order of 1.0 ms). The repetition rate per cylinder is typically from 5 to 50 injections per second, with line pressure fluctuating from the delivery valve opening pressure to the injection peak pressure (as high as 100 MPa) at this repeti tion rate. The static volume in each fuel injection line and the secondary passages of the pump may exceed the fuel delivery per injection by a large factor. Auid compressibility, inertial effects, tubing strain, and internal leakage in the pump make the process non-ideal, so that the actual fuel delivery often differs significantly from the metered plunger displacement in the pump. Mass transport in this medium is characterized by propagation of a pressure wave between the pumping chamber and the injector nozzle. Computer simulation of the injection pump hydraulics using finite difference methods is often relied upon to predict the delivered quantity and injection characteristics [0ren83, Kumar83, Shanna83] .
While suitable sensors for the rate characteristic have been suggested [Bosch66, Komaroft'66, Thoma74] for use in test bench calibration of pumps, a practical sensor suitable for use during actual engine operation as a real-time feedback control device is not, to the best of our knowledge, currently available. Methods utilizing injection pulse duration in conjunction with engine spee d to estimate fuel usage have been investigated [Wolff86] . A thennal convection based fuel flow sensor has also bee n studied [Challen88] .
The advantages of closed loop control in general are well established. Efforts to close the control loop on engine torque [Ribbens81,Aeming82,Sood 84], combustion luminescence [Bunting84] , and cylinder pressure [Challen88] have been important recem contributions to diesel control technology. All of these techniques may be considered as indirect indicators of the injected fuel quantity, which for some performance metrics (i.e., emissions) is the target variable of primary importance.
EXPERIMENTAL METHOD
The reported work investigates the feasibility of using Our preliminary studies indicate that for a restricted class of injectors and subject to certain restrictions applied to the injector design, it appears possible that with appropriate signal analysis, the needle lift trace can be used to characterize the injection rate history, and therefore the total fuel delivery.
The rapid high-speed signal analysis needed to accomplish this indirect sensing task in real-time requires specialized data ac quisition and signal analysis hardware. Specific hardware require ments, and the design of a prototype "sensor processor" for this task were described in an earlier report by MacCarley and Meyer [MacCarlcy87). An apparatus was constructed for reference measurement of the fuel injection rate history, to serve as a tool for model develop ment and evaluation. High-spee d data acquisition and signal analysis equipment were used to calibrate and test the static and dynamic flow models for the test injectors over the range of opera tional conditions. A block diagram of the experimental apparatus is shown in Figure 2 . A finite-element hydraulic computer simula tion of the pump and injector was also developed to aid in the modeling process of this highly nonlinear system.
The objective was to detennine if an inverse injector model could be generally found, which when implemented as a signal processing algorithm could be used to detennine some or all of the above-stated metrics with sufficient accuracy and reliability for use as feedback control signals. Engine control algorithms were also studied that could optimally utilize the estimated metrics. A po tential closed loop control strategy is suggested in Figure 3 , which includes both real-time error reduction, and long tenn adaptation using nonvolatile random access memory.
The on-engine testing of engine controls based on this method is currently in progress, although results were not yet available at the time of submission of this paper. Of particular in terest is the long-tenn reliability of this sensing method, in vi of possible degradation of the injector/sensor due to nozzle coking and internal wear. Cylinder-to-cylinder variations in the injection characteristics and the relative benefit of instrumenting more than one cylinder for fuel How are also being assessed. wave is attenuated as it is reflected back and forth along the length.
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Auid injected into the measurement tube is relieved through a nee is:
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(1) reflections, so pressure is measured by a strain gauge attached to the outside of a thin-wall section of the measurement tube, referred to as the pressure transducer section. Hoop strain in the tube serves as the mechanism for measurement of the pass ing wave front pressure. The quiescent pressure in the measurement tube is maintained by the pressure relief valve at approximately peak cylinder compression pressure to simulate the actual backpressure encountered in an engine installation of the injector.
The length of the measurement tube is critical, since reflected pulses can interfere with the primary wavefront. Interference is selective with pump spee d. Bosch prescribed the use of two different length measurement tubes to handle the complete RPM range, 4.67 and 9.34 meters. In order to provide sufficient attenua tion of the primary reflex fAI}se to avoid interference at all speeds, we found it necessary to use a tube 80.16 meters long. fuel temperature [0C] sensed by the apparatus. Using this same method, we observed an average absolute error of 4.82% (RB injector) or 6.52% (OK injec tor) for the Bosch rate apparatus over the operational range of the pump/injector, with a peak error of 14.6% (RB) or 15.1% (OK) at a high delivery conditions. Figure 4 is a matrix indicating the ac curacy of the Bosch-type reference rate appara tus with the RB in jector over the operational speed and throttle angle range of the pump.
STATIC NONUNEAR MODEL
A simplified injector flow model was previously proposed [MacCarley87] which esse ntiall y ignores dynamic effects and as signs a one-to-one mapping between needl e position and instan taneous flow rate, modified only by a density factor dependent on fuel temperature. A basic requirement of this model is that the Ana is a unique function of the needle position x. C.. is both a function of x and of the tlow velocity, so that nonnally an itera tive solution is necessary for the How problem. It is reasonable to assume p to be dependent upon temperature T only, since fluid compressibility affects it only slightly, even at the high pressures involved [Bosch66] . It is impossible to detennine the time history of P2 without the use of a cylinder pressure transducer. If a pressure transducer is available to the feedback control system, exact knowledge of pz can be used in this calculation. Lacking such a transducer, a constant average value P2 based upon test measurements may be used [0bert68(2)], with some loss of accuracy.
1be linear movement of the needle may be modeled by: needle acceleration [mm/sec2] A dynamic model for the nozzle flow must take into account the inertial and frictional effects on the moving parts, as well as the fact that the llowrate is rapidly changing.
However, the use of (3) to calculate these effects requires generation of the first and second derivative from samples of the needl e position. It was observed experimentally that noise amplification obscured the true dynamics, requiring filtering techniques to yield even an approximation to x or it.
A considerable simplification is possible by neglecting the inertial and frictional effects, so that pressure Pt is characterized by x alone, and none of its derivatives. This is not unreasonable considering the extremely high force to mass ratio acting on the nee dle assembly. Errors introduced by this assumption tend to be self-canceling when the rate curve is integrated over the entire injection Interval, especially if the curve is close to symmetric. The error is also reduced by minimization of the needle assembly mass and frictional contact area. This pennits the discharge coefficient to also be expressed in tenns of x alone;
Cd(x,m)
so that (2) may be simplifi ed to:
where To= fuel temperature at which ft is measured.
Total fuel delivery is detennined by time integration of m over the duration of the injection period. Since T is slowly varying, it can be considered constant over the integration period. m = lM dt= l ft(X)fz(T} dt = f:z (T} l ft(X) dt Figure 7 shows the overall average f1 function for a Robert Bosch KCA30SD27/4 injector. Figure 8 shows the average f1 for the Kiki injector.
This model requires only the nonlinear mapping of needle position into injector flowrate, temperature-density correction, and integration to yield total mass delivery per injection. The effectiveness of this approach is illustrated by Figure 9 , which shows a typical needle lift curve (1500 pump RPM, 180 deg. throt tle, Kild injector) with corresponding rate curves derived from (1) the reference rate measurement app aratus, (2) the nonlinear map ping of the simplified static model, and (3) a dynamic model to be FLOW RATE (ul/ms} described later. Comparison of the rate curve generated by the stat ic model with that obtained from the reference rate apparatus indi cates that the flow estimate lags slightly the movement of the nee dle, underestimating fl ow while the nozzle is opening, and overes timating while it is closing. Figure 10 is an error matrix similar to that of Figure 4 , com paring the integrated fuel quantity calculated by the static model from the needle lift signal, with the burette volume from the test stand. Over the operational range, an average absolute error of 4.46% (RB) 4.72% (DK) is observed, with a peak error of 18.0% (RB) or 14.6% (DK) at medium-flow conditions in both cases. It may be concluded by comparison of this matrix with that of Figure  4 that the simplified static model provides a fuel quantity estimate of similar accuracy to that obtained from the reference rate ap paratus (that was used to generate the f1 function for the static model). 
,, (15) where a andy are model parameters ( 0< y< 1 ). Figure 9 illustrates the perfonnance of this dynamic model relative to the static model and the reference rate trace. A slightly better correlation with the reference trace is observed. Integration under the curve to calculate quantity yields 30.3 mm3, which improves slightly upon the static model estimate (31.5 mm3) of the measured volume fuel delivery (29.8 mm3). For comparison, integration of the reference rate curve yielded a volume of 31.1 mm3. Over the complete operational range for the DK il\jector, the dynamic model yielded an average absolute percentage error of 3.7%, an improvement over the 4.7% error of the static model. Peak error was reduced from 14.6% to 10.6%, both occuring at 2000 RPM, 135 deg throttle (measured volume 20.3 mm3).
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DEGRADATION DUE TO INJECTOR DECAUBRA TION
The problem of nozzle coking, which occu rs in all injectors to some degree , is expected to be a possible source of loss of calibration for this sensing mechanism. Long-tenn wear of the pintle and nozzle orifi ce may also contribute to a gradual loss of calibration of the injector. The result is a change in r1 over time, which contributes to increased error of the sensing method.
Open nozzles, such as those commonly used in small displacement IDI automotive engines, are usually less prone to nozzle coking than closed, multi-hole nozzles found in larger, lower speed engines. Optimal injector/sensor design to minimize the inHuence of nozzle deposits on the fl ow calibration may reduce this concern to some degree . Adaptive signal processing techniques may also be applied to compensate for changes in the sensor calibration, if at least one other indirect indication of fuel delivery is available. One such comparison signal for long-tenn adaptation is driveshaft torque, sensed directly via magnetostrictive methods [Ribbens81, Fleming82] or indirectly via instantaneous crankshaft velocity as described by Sood [Sood84] and others. An adaptive corrective algorithm based on periodic comparison of the needle lift derived fuel quantity wlth a steady-state torqtie reference point is cuiTently being studied.
The effects of nozzle coking on the long-term accuracy of methods utilizing needle lift to infer fuel delivery were studied by generating paralle l bodies of data on the same injector, both clean and heavily coked. A Bosch KCA-series injector subjected to 188,000 km of continuous service was mapped over the previously defined operational range. The injector was then thoroughly cleaned and the mapping process repeated. Average f1 functions for the nozzle in clean vs coked condition are overlaid in Figure  11 . In clean condition, the static model produced an average absolute error of 6.86%. Tilis poo rer than usual accuracy may be partially attri buted to the reference rate apparatus, which alone yielded an average absolute error of 7.02%. The "clean" f1 function was then used to generate fuel delivery estimates from the "coked" injector need le lift data, simulating Jong-tenn degradation attri butable to coking. An average absolute error of 6.05% was obseJVed. The small difference (actually a slight improvement for this injector) Is indicative of relatively minor calibration change att ributable to nozzle deposits. 
CONCLUSIONS
The results of this work appear to confi rm that for two specific types of IDI pintle nozzles, adequate information is contained in the need le lift signal to reasonably estimate the injection rate characteristic and total fuel delivery, independent of the pump or engine. The accuracy of the fuel calculation via this method is similar to the accuracy of the rate measurement apparatUs used to calibrate the signal processing model.
A simple static nonlinear model appe ars adequate to achieve a sensing mechanism of± 5% average accu racy. Some further improvement is achievable by inclusion of dynamic eff ects in the model.
Nozzle coking and wear degrade the accuracy to a minor degree. Compensation for this degradation may be possi ble via adaptive control methods.
Closed-loop fuel control based upon this sensing mechanism appears to be feasible.
